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P L A N E T A R Y  S C I E N C E
Transient HCl in the atmosphere of Mars
Oleg Korablev1*, Kevin S. Olsen2, Alexander Trokhimovskiy1, Franck Lefèvre3, 
Franck Montmessin3, Anna A. Fedorova1, Michael J. Toplis4, Juan Alday2, Denis A. Belyaev1, 
Andrey Patrakeev1, Nikolay I. Ignatiev1, Alexey V. Shakun1, Alexey V. Grigoriev1, Lucio Baggio3, 
Irbah Abdenour3, Gaetan Lacombe3, Yury S. Ivanov5, Shohei Aoki6,7, Ian R. Thomas7, 
Frank Daerden7, Bojan Ristic7, Justin T. Erwin7, Manish Patel8, Giancarlo Bellucci9,  
Jose-Juan Lopez-Moreno10, Ann C. Vandaele7
A major quest in Mars’ exploration has been the hunt for atmospheric gases, potentially unveiling ongoing activ-
ity of geophysical or biological origin. Here, we report the first detection of a halogen gas, HCl, which could, in 
theory, originate from contemporary volcanic degassing or chlorine released from gas-solid reactions. Our de-
tections made at ~3.2 to 3.8 m with the Atmospheric Chemistry Suite and confirmed with Nadir and Occultation for 
Mars Discovery instruments onboard the ExoMars Trace Gas Orbiter, reveal widely distributed HCl in the 1- to 
4-ppbv range, 20 times greater than previously reported upper limits. HCl increased during the 2018 global dust 
storm and declined soon after its end, pointing to the exchange between the dust and the atmosphere. Under-
standing the origin and variability of HCl shall constitute a major advance in our appraisal of martian geo- and 
photochemistry.
INTRODUCTION
Chlorine is present in the atmospheres of Earth and Venus and plays 
a critical role in their photochemical cycles. In Earth’s troposphere, 
hydrogen chloride (HCl) is mainly sourced from sea salt aerosols, 
and its abundance partly controls the oxidizing potential of the at-
mosphere by interacting with ozone and hydroxyl radicals (OH) (1). 
In the stratosphere, relatively inert HCl is the main reservoir spe-
cies, releasing chlorine radicals in heterogeneous processes that sub-
sequently participate in ozone layer chemistry and seasonal polar 
ozone depletion. On Venus, HCl is also the dominant reservoir of 
chlorine, and its destruction via photolysis produces reactive chlo-
rine species that are critical to the stability of its CO2 atmosphere 
(2). HCl has never been observed in the atmosphere of Mars but has 
been suggested and sought as an indicator of active magmatic pro-
cesses (3). Stringent upper limits of 0.2 to 0.3 parts per billion vol-
ume (ppbv) were established (4, 5).
The primary science goal of the European Space Agency (ESA)–
Roscosmos ExoMars Trace Gas Orbiter (TGO) mission is to make 
highly sensitive measurements of trace atmospheric species, includ-
ing volcanic gases (6). TGO carries two dedicated spectrometers, 
the Atmospheric Chemistry Suite (ACS) (7) and the Nadir and Oc-
cultation for Mars Discovery (NOMAD) suite (8). From the start of 
the mission in April 2018, the TGO instruments measured multiple 
known atmospheric gases and their isotopologues (9–15).
RESULTS
Here, we discuss the first positive detection of a previously unde-
tected gas-phase molecule in the atmosphere of Mars by TGO, hy-
drogen chloride (HCl). Figure 1 shows a sequence of spectra that 
highlight the HCl absorption features detected by ACS. They were 
measured on 4 January 2019 at 73°S latitude [heliocentric solar longi-
tude (LS) = 318°, late northern winter or southern summer on Mars]. 
As the instrument’s line of sight (LOS) moves deeper into the atmo-
sphere during a solar occultation (SO) (7), we can retrieve the verti-
cal profile of the HCl mixing ratio (see Materials and Methods). The 
spectra are zoomed on the spectral ranges around three distinct fea-
tures in the R branch of the HCl 1←0 transition band. The depth of 
absorption due to HCl reaches 3 to 4%, while the signal-to-noise 
ratio per pixel of the instrument, although dependent on the dust 
content in the atmosphere, is generally over 3000 to 5000. Neigh-
boring absorption lines in Fig. 1 are caused by water, semiheavy 
water (HDO), and the H37Cl isotopologue of HCl. In all, ACS de-
tects 12 spectral features belonging to H35Cl and H37Cl in the P and 
R branches of its 1 fundamental rotational band.
Figure S1 shows the wider spectral range covered by ACS and 
the contributions of different gases, and fig. S2 shows fits for HCl 
lines not shown in Fig. 1. The detection of HCl by ACS is corrobo-
rated by NOMAD measurements. HCl can be detected using several 
diffraction orders covering the 2600 to 3100 cm−1 spectral range 
(see fig. S3). The vertical profiles of the HCl mixing ratio are pre-
sented in Fig. 2. We observe three families of altitude profiles. In the 
Northern Hemisphere, mixing ratios of 1 to 2 ppbv are observed 
mostly at altitudes in the range of 15 to 25 km, decreasing toward 
the surface (Fig. 2A). In the Southern Hemisphere, a series of obser-
vations were made prior to LS = 300°, during which time we were 
unable to probe below 15 km, but observed 2 to 3 ppbv between 20 
and 30 km (Fig. 2B). After LS = 300°, we observed higher abundances, 
but HCl was entirely constrained below 15 km (Fig. 2C). The differ-
ences between Fig. 2 (B and C) reflect changes in the physical state 
of the atmosphere as the dust storm declines, which are also tracked 
by water vapor and aerosols. During this time, dust settled to the 
surface and lower atmosphere, followed by cooling and contraction, 
and a lowering of the hygropause.
A latitudinal map of all HCl detections and upper limits is shown 
in Fig. 3A as a function of time, from LS = 163° in Mars Year 34 (MY34) 
(April 2018) to LS = 166° in MY35 (March 2020). For observations 
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where HCl is not observed, a lower limit is given (see fig. S5), which 
is generally <0.2 ppbv and often ~0.1 ppbv. No firm detection was 
made between the beginning of the TGO science phase until the 
global dust storm (GDS) period. A few values have been retrieved 
with a 1-sigma confidence level, but they have the same magnitude 
(<1 ppbv) as the upper limits established in nearby occultations and 
those previously set by ground-based observations of 0.3 to 0.6 ppbv 
(4, 5). HCl is detected starting from LS = 230° and persists until 
around LS = 350°. There are over 140 positive detections made by 
ACS and nearly 50 by NOMAD over the same time period.
This time period, coinciding with seasonally enhanced dust, was 
punctuated by the onset of a GDS, beginning in the Southern Hemi-
sphere around LS = 190°, followed by a second, regional, storm at 
around LS = 320°, with dust persisting through LS = 190° to 350° (16). 
Fig. 1. Spectra and fits for windows in orders 173 to 175 containing the first (H35Cl) and second (H37Cl) isotopologues of HCl (line positions indicated with 
dashed vertical lines). Each panel shows spectra recorded as sequential tangent heights, indicating how the HCl features evolve with altitude. The occultation shown 
was recorded on LS = 318° at a latitude −73.5°.
A B C
Fig. 2. Example HCl volume mixing ratio (VMR) vertical profiles retrieved from ACS MIR SO measurements. Profiles are grouped as (A) Northern Hemisphere obser-
vations between LS = 210° and 330°, (B) Southern Hemisphere observations between LS = 245° to 290°, and (C) Southern Hemisphere observation between LS = 310° and 
325°. Retrievals on a 1-km grid are shown as solid lines, and retrievals at the tangent heights are shown at points with uncertainties derived from the retrievals matrix of 
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The dust, lofted to heights of 30 to 50 km, is radiatively active and 
causes the atmosphere to heat and expand while intensifying Hadley 
cell circulation. Water vapor normally restricted to near the surface 
is elevated to create a hygropause near 80 km with mixing ratios 
around 150 ppmv, as observed by TGO (11, 12) and reproduced by 
modeling (17). Dust affects SO observations in such a way that the 
dust storm imposed limits on the lowest observable altitude of TGO 
instruments. Figure 3B shows the corresponding minimum altitude 
in the atmosphere that we can observe due to aerosol loading (see 
also fig. S6). Still, even during the peak of the GDS, polar latitudes 
remained relatively free from aerosols. During this period, we begin 
to see HCl frequently in the Northern and Southern Hemispheres, 
suggesting HCl was already present and spread by atmospheric cir-
culation. During the decline of the storm (from LS ~ 240°) and 
through the whole perihelion season, the map shows the densest, 
quasi-complete presence of HCl in both hemispheres, including a 
few detections at mid-latitudes, where observation conditions are 
not optimal. After the second regional dust storm of MY34, the de-
tections become less frequent, and during MY35, we only occasion-
ally see low levels of HCl in our spectra. At LS = 75°, the HCl upper 
limit of ~0.1 ppbv that we derive from ACS is consistent with the 
upper limit of 0.3 ppbv (3-sigma) previously determined at the 
same season from the Herschel satellite (4).
DISCUSSION
The observations just described suggest that the source of HCl is 
aerosol chemistry occurring with the dust particles lofted into the 
atmosphere. However, this is not the only possible source of HCl, 
and the distributions observed by TGO may result from several 
possible interactions that may be interrelated. We must also empha-
size that the geometry of the SO technique does not always allow us 
to observe the lowest few kilometers of the atmosphere that may 
also contain HCl, while previous searches for HCl observed the full 
atmospheric column and were sensitive to these layers.
An alternative explanation for the presence of HCl in the mar-
tian atmosphere is as a result of recent surface volcanism or sub-
surface magmatic activity. HCl is a minor gas emitted by terrestrial 
Fig. 3. Locations of ACS MIR occultations over time (Ls) and latitude. All ACS MIR occultations are shown in gray, and those with the spectral range used for HCl, but 
not bearing strong HCl signatures, are shown as triangles, with the color indicating a lower limit of the HCl VMR. Observations with detected HCl lines are indicated with 
circles and colored by their maximum retrieved HCl mixing ratio at between 10 and 30 km. Additional retrievals using NOMAD SO are shown with diamonds. Science 
operations began on LS = 163° in MY34 and continued through LS = 166° in MY35 at the time of writing. The GDS commenced around 190° and was followed by a second 
storm around LS = 320°, and the mean dust opacity (16) is shown in (A). (B) The corresponding lowest usable tangent height for ACS observations, limited by transmission 
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volcanism, and past martian volcanism has been suggested to be 
the source of contemporary surface chloride minerals (18). How-
ever, we note that outgassing of HCl related to magmatism (whether 
directly at the surface or at depth) should be accompanied by 
seismic activity and a suite of other sulfur-bearing and carbon- 
bearing molecules. Such molecules, SO2 in particular, have not 
been detected on Mars so far (19), and no correlation of HCl ob-
servations with Marsquakes measured by the InSight lander is 
apparent [noting that InSight measurements began at the end of 
February 2019 (LS = 340°) and that seismicity on Mars is lower 
than projected (20)]. In addition, the fact that the HCl increase 
is detected almost simultaneously at very distant locations of 
both hemispheres is difficult to reconcile with local release at the 
surface.
In the terrestrial troposphere, the majority of the HCl is not 
volcanic but produced from reactions between acids and hydrated 
NaCl originating from sea-salt aerosols (21). While there are no 
marine aerosols currently produced on Mars, there is a notable co-
incidence between HCl detections made here and the particularly 
strong GDS of MY34. This suggests that physical or chemical pro-
cesses in martian dust storms may trigger the release of reactive gas-
phase chlorine from the material that constitutes the airborne dust. 
Chlorine is widespread at the surface (22), and in the martian dust, 
at levels reaching 1 % by weight (23). This chlorine may be present as 
halite (NaCl), a mineral observed in nakhlite meteorites that origi-
nated from Mars (24) and proposed to be the dominant form of 
chloride on the martian surface in certain areas observed from orbit 
(25). Alternatively, perchlorate (ClO−4) has been observed on the 
martian surface at high and low latitudes (26, 27) and should be 
widely distributed (28). During a dust storm event, both of these 
forms of Cl may be lofted into the atmosphere, making chlorine 
readily available in the lower atmosphere at this time. Releasing gas-
phase chlorine from chloride salts may involve hydration of the 
chlorine salts, which has been shown to be effective in martian con-
ditions (29). This can be followed by oxidation reactions and the 
release of radicals. The latter mechanism remains speculative at 
martian conditions but would ultimately lead to the formation of 
HCl (30).
In detail, four different pathways can be considered: (i) As the 
GDSs, and that of 2018 in particular, are characterized by large H2O 
mixing ratios up to very high altitudes (11, 12, 31), unusually strong 
concentrations of oxidants such as OH and HO2 should be expected 
in the atmosphere. In this case, particularly efficient gas-surface ox-
idation processing of the dust aerosols during the GDS may release 
reactive chlorine, as is the case on Earth (1, 30). This scenario is 
supported by a strong correlation between the observed HCl and 
H2O profiles (see fig. S7). A simultaneous observation of elevated 
HCl, H2O, and aerosols, which are governed by the same advection 
pattern, does not constitute direct evidence of a cause-and-effect 
relation between them. However, the detection of a sudden appear-
ance of HCl only in the presence of dust (furthermore during unfa-
vorable viewing conditions caused by the dust-rich environment) 
provides strong indirect support for this hypothesis.
(ii) Chlorine would be more efficiently released from dust via 
acidic oxidation, analogous to terrestrial processes. The availability 
of necessary acids in the martian atmosphere remains unknown, 
but photochemical modeling studies (32, 33) have demonstrated 
that the presence of nitrates, identified on the martian surface (34) 
and a likely component of dust, should enable the production of 
acids, nitric acid (HNO3), and peroxynitric acid (HNO4). They oxi-
dize dry chloride salts to make Cl2 gas, which would rapidly photo-
lyze to generate chlorine radicals (35), which then react with HO2 
(primarily) to form HCl.
(iii) Because of strong saltation processes, the GDS can mobilize 
dust grains that have not been previously exposed to UV light for 
long periods. Being lifted to high altitudes, chlorine-bearing mole-
cules at the surface of airborne dust may break up under the effect 
of UV irradiation into gas-phase compounds, including chlorine. 
The potential to oxidize mineral chlorides by the action of UV 
radiation has been demonstrated in the laboratory (36), but more 
experimental work is required to determine the abundance of 
chloride radicals that could be released to the gas phase by such 
processes.
(iv) Chlorine could be released by the volatilization of chloride 
minerals by electrical discharges in the dust storm, as demonstrated 
in laboratory experiments under simulated martian atmosphere 
conditions (37–39).
The decline in HCl, observed by ACS in MY35, is also indicative 
of an unexpected chemical sink for that species, which, in terms of 
the conventional gas-phase chemistry, is the stable reservoir of 
chlorine in the lower atmosphere of Mars (40). The transient nature 
of the observed HCl tells us that this does not constitute the whole 
picture and that we are missing an important chemical or physical 
loss process of chlorine. On Earth, laboratory studies have demon-
strated the strong uptake coefficient of HCl on water ice surfaces at 
temperatures typical of those encountered on Mars (41, 42). Water 
ice clouds are detected in our occultations during the whole dusty 
period, overlaying the dust, and, later, at lower altitudes, where we 
see HCl (12, 43). In addition, surface frost is at a maximum at 
LS = 270° (northern winter), when our northern HCl values are 
smaller. Heterogeneous HCl loss on surface ice would also be com-
patible with the shape of the profiles shown in Fig. 2 (A and C), 
showing decreasing mixing ratios near the surface.
Although our data do not permit a definitive determination of 
the source of HCl at this time, the coincidence of the GDS leads us 
to propose a novel surface-atmosphere interaction made plausible 
by terrestrial chemistry and recent laboratory studies. General cir-
culation modeling is needed to constrain rates of HCl production 
and destruction and to probe possible sources of surface venting. 
The apparent link to dust activity will be examined during future 
dust events. Regardless of the HCl origin, it appears unlikely that 
the processes responsible for its production and destruction would 
not affect the rest of Mars’ atmospheric chemistry. An impact on 
other gases is expected at altitudes above 30 km, where a greater 
fraction of chlorine is in the form of atomic Cl. The peak HCl con-
centrations on Mars ~1 to 4 ppbv are comparable to those in Earth’s 
upper stratosphere and mesosphere (44). On Mars, the destructive 
ozone cycle, including odd oxygen, well known in Earth’s strato-
sphere (45), would be ~20 times more efficient than assumed with 
previous upper limits on HCl. On the other hand, the transient na-
ture of the HCl enhancement detected by ACS suggests the exis-
tence of a strong and unexpected loss process of that species, likely 
heterogeneous and efficient in the lower atmosphere or at the surface 
of Mars. Such a pathway may be photochemical and related to the 
advection pattern of other gases, such as H2O, or to the absorption 
by dust itself (46). Our discovery suggests that the martian photo-
chemistry should be revised, considering reactions with atmospheric 
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MATERIALS AND METHODS
The ACS instrument is a collection of three spectrometers operating 
in nadir and SO mode. The work presented here uses the ACS mid- 
infrared (ACS MIR) channel, which is a cross-dispersion echelle spec-
trometer. Solar light is dispersed by an echelle grating to measure 
the spectrum in the infrared range with high spectral resolving 
power (/ ~ 30,000). Overlapping diffraction orders are then sep-
arated by a steerable secondary diffraction grating, the position 
of which determines the instantaneous spectral range (7). In this 
study, we use secondary grating positions 11 and 12, which provide 
spectral ranges of 2678 to 2948 cm−1 and 2917 to 3235 cm−1, respec-
tively, and divided into 16 to 20 diffraction orders. The diffraction 
orders related to the fundamental rotational band of HCl are shown 
in fig. S1, along with the contributions to transmission spectra by 
the absorption of CO2, H2O, HDO, and HCl. The partial overlap of 
the instantaneous spectral range in positions 11 and 12 permits 
measuring diffraction orders 173 to 175 in both positions. Figure S2 
shows fits to HCl lines from both grating positions, in orders not 
presented in Fig. 1.
An ACS MIR detector image is a two-dimensional array of mea-
sured intensities. The x axis corresponds to wave number calibra-
tion, and the y axis corresponds to both the diffraction order and 
the tangent height of the instantaneous field of view (IFOV) (7). 
The appearance of a frame is several brightness stripes approxi-
mately 20 pixels wide, each one corresponding to a diffraction order 
in the mid-infrared (14). The IFOV covers 1 to 4 km, and each row 
provides a unique spectrum, separated by ~0.1 km.
Processing of the detector images was carried out at the Space 
Research Institute of the Russian Academy of Sciences (IKI RAS). A 
set of corrections is applied to each data frame that includes mask-
ing hot pixels, accounting for a subpixel drift in position caused by 
the instrument’s thermal state, and an orthorectification. A dark 
image (Idark) accounting for dark current and thermal drift is com-
puted from the observations made when the sun is fully obscured. A 
solar reference image (Isun) is computed by stacking observations 
made at tangent heights from 80 to ~250 km. For the spectral range 
provided by secondary grating positions 11 and 12, 80 km is suffi-
ciently high to be free of gaseous absorption. The transmission at 
each altitude z is computed from the observations I(z) as (I(z) − 
Idark)/(Isun − Idark). Additional details can be found in (12–14, 47).
In ACS MIR, there is an effect, possibly caused by an optical 
component being damaged during launch, that results in the image 
of gaseous absorption lines to appear doubled. Rows for analysis 
are chosen by identifying the edge of the detector slit closest to the 
center of the solar disk, where this effect is minimized (a small 
“shoulder” is visible in spectra shown in fig. S2) (10, 13, 14). An in-
strument line shape can be modeled that accounts for this feature, 
and we have shown that it can be used to accurately retrieve trace 
gas abundances by validating results against those obtained from 
simultaneous observations made by the near-infrared (NIR) chan-
nel of ACS (9, 10, 12, 13). Wave number calibration is performed 
for each row in two steps: first, by comparing the solar reference 
spectra to that measured by the Atmospheric Chemistry Experi-
ment Fourier Transform Spectrometer (ACE-FTS) (48), and then, 
by comparing strong gas absorption lines, when available (13). Lastly, 
spectra are normalized using an alpha hull method (49).
Spectral fitting was performed using the Jet Propulsion Labora-
tory Gas Fitting Software suite (GGG or GFIT) (50–52). The atmo-
sphere is modeled as homogeneous layers of 1-km thickness, and 
the optical path through each layer along the LOS is computed. For 
each fitting interval and for each spectrum, a forward model is com-
puted using the instrument line shape described above and a Voigt 
line shape that depends on temperature and pressure and broaden-
ing parameters taken from the 2016 version of HITRAN line list (53). 
Vertical profiles of temperature and pressure were retrieved from 
CO2 absorption features in simultaneous observations made by 
ACS NIR (12). The line depths are related to a gas’ mixing ratio 
through the Beer-Lambert law, which depends on the line strength, 
taken from HITRAN 2016, the line shape, the temperature, and 
pressure of the atmosphere, and the optical path length. Vertical 
profiles of trace gas volume mixing ratios (VMRs) are estimated by 
inverting a matrix of LOS column abundances with a matrix of at-
mospheric layer contributions along the optical path. Uncertainties 
are computed from the Jacobian matrix of partial derivatives.
ACS results have been confirmed by two other analysis streams 
developed at the IKI and the Laboratoire Atmosphères, Milieux, 
Observations Spatiales (LATMOS) in support of the Mars Express 
Spectroscopy for Investigation of Characteristics of the Atmosphere 
of Mars instrument (31, 54). The IKI code uses a Levenberg- 
Marquardt iterative approach to find the best solution for the gaseous 
composition of a model atmosphere, followed by applying Tikhonov 
regularization of the profile. This code has been adapted and used 
with ACS MIR (9) and ACS NIR (12) data. The LATMOS code uses 
a Levenberg-Marquardt regression scheme applied to transmittance 
spectra to infer the LOS integrated quantities of gases (47). The VMR 
is obtained by rationing the simultaneous observations of the tar-
geted species (HCl in that case) with that of CO2 calculated from 
fitting its 628 isotope Q branch in diffraction order 178. Derived 
gaseous vertical profiles are subsequently smoothed by convolving 
with a 1-km  Gaussian kernel.
Detection limits have been estimated by measuring the noise of 
each spectrum and then performing spectral fitting with fixed 
quantities of HCl until modeled lines become prominent enough to 
cross a threshold value. The noise is measured by computing the 
difference between a spectrum and a smoothed spectrum. A 
smoothing window sufficiently wide to capture the variability of the 
signal caused by both random noise and larger systematic features 
is used, resulting in an SD of the noise that is consistent with that of 
the residuals of good spectral fits. A modest 2 SD threshold from a 
mean spectrum baseline value was used. The mean values, 1 and 
2 SD thresholds, best-fit lines, and modeled spectra are shown in 
fig. S5 (A and B) for diffraction orders 174 and 175. The mean de-
tection limit for these two orders, common to grating positions 11 
and 12, is used to compute vertical profiles of detection limits, a 
selection of which are shown in fig. S5C. This method results in 
larger, more modest detection limits, appropriate for a gas that is 
now known to be present, than using the retrieval uncertainties. It 
is also more robust, as a best-fit line can occasionally suggest a neg-
ative gas value, which results in larger oscillation in a vertical profile 
of retrieval uncertainties. In total, 643 occultations have been ana-
lyzed in Fig. 3.
NOMAD is a set of spectrometers operating in the spectral ranges 
between 0.2 and 4.3 m consisting of three channels. HCl has been 
observed with the SO channel, which uses an echelle grating used in 
combination with an acousto-optic tunable filter (AOTF) that se-
lects the diffraction orders to be recorded (8, 55). The diffraction 
order can be changed instantaneously by altering the frequency ap-
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five or six selected diffraction orders per second within the entire 
spectral range of the channel. The illuminated rows on the detector 
are split into four individual bins, and a spectrum is recorded for 
each bin in every diffraction order from the top of the atmosphere 
(~200 km) to near the surface. Wave number calibration uses gas-
eous absorption lines, and a correction is applied to account for pixel 
nonlinearities.
For this work, SO channel data measured between April 2018 
and February 2020, spanning both hemispheres, were analyzed. 
HCl features should be observed in several orders (125 to 130), and 
orders 129 (2889 to 2921 cm−1) and 130 (2920 to 2943 cm−1), which 
have been regularly observed, have been used to detect HCl. These 
datasets represent in total 264 observations in which 36 are positive 
detections. A positive detection is a 5- retrieved VMR for which 
the weighted average of the bins is greater than 0.3 ppb at more than 
two tangent heights ( is the SD of the mean of retrievals from the 
four bins).
The HCl mixing ratio is retrieved by fitting the entire spectral 
range of either order 129 or 130. The temperature, pressure, and 
CO2 VMR are taken from the values predicted by the GEM-Mars 
model (56) for each altitude, taking into account the GDS (17). 
Computed spectra are convolved with an instrument line shape, 
and the forward model accounts for the effects of the AOTF and the 
grating. Retrievals are performed using an optimal-estimation ap-
proach and line-by-line radiative transfer code (ASIMUT) devel-
oped for planetary atmospheres (57). Retrievals are performed 
independently at each tangential altitude (11). Figure S3 shows ex-
amples of bin-averaged spectra and best-fit lines for orders 129 and 
130 featuring HCl absorption lines.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/7/eabe4386/DC1
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